Interfacial Chemistry in Nanophotonics by Lee, Seunghyun
RICE UNIVERSITY 
Interfacial Chemistry in Nanophotonics 
by 
Seunghyun Lee 
A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 
Doctor of Philosophy 
APPROVED, THESIS COMMITTEE: 
er, Chair 
Associate Professor 
Department of Chemistry 
Department of Physics & Astronom~ 
D. evin F. Kelly 
A ciate Professor 
Department of 
Electrical & Computer Engineering 
Dr. St han Lmk 
Assistant Professor 
Department of Chemistry 
Department of 
Electrical & Computer Engineering 
HOUSTON, TX 
AUGUST 2011 
ABSTRACT 
Interfacial Chemistry in Nanophotonics 
By 
Seunghyun Lee 
Nanophotonics, especially plasmonics is a kind of very active research area, which 
deals with the interaction behavior between electromagnetic radiation and metallic 
nanostructures. It has attracted enormous attention over recent decades due to its great 
potential of ripple effects on electronics, energy, environmental, and medical industries as 
well as scientific interests. In particular, noble metal nanoparticles exhibit localized 
surface plasmon resonance (LSPR), which is the collective oscillating excitation of the 
free electrons on the surface of metal nanoparticles when light is incident on the particle. 
The LSPR extinction peak is very sensitive to the dielectric environment near the particle 
surface and can be tailored by the particle's sizes and shapes. These properties allow 
LSPR-active substrate using plasmonic gold nanoparticles to be a great transducer for 
biosensing with real-time and label-free measurement. In addition, the plasmonic gold 
nanoparticles such as gold nanorod and bipyramid are prepared by the seed-mediated and 
surfactant-directed method based on the cetyltrimethylammonium bromide (CTAB), 
which has a great influence on the synthesis. In the growth mechanism, it is believed that 
CTAB interacts with different facet and defects on the growing nanoparticles to produce 
different rate of gold ion reduction onto the nanoparticles to generate anisotropic growth. 
Therefore, CTAB layer is greatly interesting because the modification of nanoparticles 
surface chemistry is essential to biological targeting, film formation, and assembly of 
complex structures. Surface enhanced Raman spectroscopy (SERS) of gold nanorods in 
CTAB solution has been used to analyze a surfactant structural transition based on the 
distance dependent electromagnetic enhancement. As the surfactant concentration in the 
gold nanorod solution was reduced, a structural transition in the surfactant layer between 
2 mM and 5 mM CTAB solution was observed through a sudden increase in the signal 
from the alkane chains. A structural transition in the CTAB layer that stabilizes gold 
nanorods was identified by comparing the intensities of different bands within the CTAB 
molecule. Therefore, the surface manipulation and analysis of the nanostructures and 
their interface with controlled environment provide important insight into their structural 
function and interpretation, and many opportunities for biomedical applications. 
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I. Introduction 
1. Plasmon Resonances in Metal Nanoparticles 
1. 1 Localized Surface Plasmon Resonance (LSPR) 
Nanophotonics deals with light-matter interaction behaviors that occur on wavelength 
or subwavelength scales, where the electromagnetic field is confined to the surface of 
designed nanostructures with unique and tunable optical properties. In particular, 
"Plasmonics" using surface plasmon polaritons (SPPs), simply called surface plasmon, is 
diverse and rapidly growing field in nanophotonics over recent decades because 
emergence of novel nanomaterials and fabrication of diverse nanostructures on surfaces 
allow to manipulate their optical properties as well as to develop methodology to increase 
inherent sensitivity, and lead to new insight at this highly interdisciplinary field for many 
applications. The confinement of the SPPs is empowered to enhance the electromagnetic 
field at the interfacial surface and give rise to remarkable sensitivity to surface conditions 
and environment surrounding media's refractive index, which is widely employed to 
biological and chemical sensors. In addition, the enhancement contributes to surface 
optical properties like fluorescence and Raman scattering. 
In a simple form, the surface plasmon resonance (SPR) is an electron density 
oscillation existing on the surface of metals. In case of planar surface of a metal shown as 
Figure 1 (a), it is a propagating and dispersive electromagnetic excitation as a damped 
oscillating wave along the planar interface between a metal surface and a dielectric 
medium, which is confined into the near interface. It is an intrinsically two-dimensional 
excitation travelling in the x - and y -directions along the interface for approximately a 
2 
couple of tens to hundreds of microns in distance and decay exponentially along the z-
direction into a penetrated depth with about 200nm.1"2 When light is incident to the 
surface, it can be coupled into surface plasmons and shift in surface plasmon resonance 
caused by the interaction between the electromagnetic wave confined onto the metal 
surface and the dielectric film, which is normally an organic or biomolecular layer can be 
monitored. 34 
When a surface plasmon is confined to a metal nanoparticle with a size of sub-
wavelength of light, non-propagating excitation of the free electrons on the surface of the 
nanoparticle in oscillating electromagnetic fields by an incident light is called a localized 
surface plasmon resonance (LSPR) in Figure 1 (b). 5 
When a surface plasmon is confined to a metal nanoparticle with a size of sub-
wavelength of light, non-propagating excitation of the free electrons on the surface of the 
nanoparticle in oscillating electromagnetic fields by an incident light is called a localized 
surface plasmon resonance (LSPR) as shown in Figure 1 (b). In the similar manner of 
SPR on a planar metal surface, localized surface plasmon has a maximum electric field 
near the particle's surface.6 Also, LSPR results in strong optical extinction which can be 
tuned throughout the visible and near-infrared (NIR) wavelengths by adjusting the 
particle's size and shape.7-9 The LSPR spectral extinction peak is sensitive to the 
surrounding media's refractive index, which allows LSPR-active nanostructures to act as 
transducers in label-free biosensors. 10 That is, by observing spectral shifts in the 
resonance wavelength, one can directly measure molecular binding to a nanoparticle 
surface through minute changes in the particle's dielectric environment. 
3 
(a) 
z 
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Figure 1. Schematic illustrations of (a) a surface plasmon and (b) a localized surface 
plasmon. 
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1.2 Basic Description of LSPR 
Here, light scattering theory by small particles is describes briefly to understand 
localized surface plasmon resonance. In 1908, Gustav Mie first developed a mathematical 
analysis derived from Maxwell's equations that describe the scattering and absorption of 
light by homogeneous and isotropic metal spherical particles under the condition of a 
given radius, dielectric function and surrounding medium. 11 This solution provides 
simple and excellent approximations that suffice to describe the behavior of the system 
for particles much larger or much smaller than the wavelength of the scattered light. The 
cross-sections produced by a plane wave incident on a small metal sphere in Figure 2 are 
where k is the incoming wave vector of the incident light, L are integers denoting the 
index modes (dipole, quadrupole, and higher orders) of the scattering. Equation (1), 
showing the extinction cross-section for a metal sphere interacting with light, is a sum of 
the scattering mode such as dipole (L=1), quadrupole (L=2), and higher order index. For 
a small nanoparticle (radius much smaller than 100 nm) an induced dipole moment due to 
an incident light plays a dominant role, thus only taking this term to the equation is 
sufficient. 
Incident plane wave 
k 
.. Medium: index n 
Metal sphere: 
radius r, complex 
dielectric function e (/) 
5 
Figure 2. Mie theory explains the interaction of a homogeneous metal sphere with a 
plane electromagnetic wave of incident light. 
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It is called the dipole approximation. 
( ) - ( )- OJ 3/2 8 2 (0J) 
aext OJ -{jabs OJ -9-em v[ ( ) ]2 ( )2 
C 8! OJ +28m +82 OJ 
(4) 
In this equation w is the frequency, c is the speed of light, Vis the particle volume, t:1 ( m) 
is the real part of the dielectric function of the particle material, £ 2 ( m) is the imaginary 
part of the metal particle, and E:m is the dielectric constant of the surrounding medium. 
When the nanoparticle is significantly smaller than the wavelength of light, this 
approximation is only valid. And the scattering can be negligible because dipolar 
scattering is proportional to (RJ),i and very small, where R is the radius of the particle 
and A, is the wavelength of light. Also, the higher order modes are insignificant because 
the extinction quadrupole is proportional to (RI).i and the scattering quadrupole IS 
proportional to (R/A.)10. Therefore, the major contribution for small nanoparticles IS 
clearly the absorption. In the dipole regime, the extinction cross section for a nanoparticle 
depends on the characteristics of the material and volume of the nanoparticle and the 
surrounding. So, the extinction increases linearly with volume of the nanoparticles and 
there is no size dependence in the resonant wavelength. 
For example, the expected plasmon resonance occurs the expected wavelength where 
£ 1 = - 2t:m is about 520 nm for gold particles in water (t:m ~ 1.7), according to the real 
dielectric function for gold shown in Figure 3 (a). Silver suffers lower losses than gold, as 
implied by Figure 3 (b). In fact, the strong absorption spectrum of gold colloids shown in 
Figure 3 (c) is observed experimentally in that wavelength. Gold is used in following our 
experiments due to its beneficial effects such as chemically inert, non-corrosive, non-
toxic properties, and easy to functionalize for its biocompatible surface. 13 
~ 
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Figure 3. (a) Real and (b) imaginary parts of the complex dielectric functions of silver 
and gold. (c) Absorption spectrum of gold colloid solution. 
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2. Applications Enabled by LSPR of Metal Gold N anoparticles 
LSP R Biosensing 
The vast majority of surface plasmon sensing has been exploited based on the 
spectroscopic measurements for real-time label-free detections. As mentioned above, 
optical properties of the LSPR-active nanoparticles or nanostructured substrates are very 
sensitive and strongly dependent on the dielectric properties of the local environment of 
surrounding medium. 14"18 The basic conception for LSPR sensing applications is to 
observe the LSPR peak shift through the changes in refractive index of the surrounding 
medium. LSPR biosensing with plasmonic nanoparticles is to monitor the change of 
LSPR peak wavelengths upon absorption of target molecules into the nanoparticle surface, 
where the nanoparticle plays a key role of a transducer to converts the molecular binding 
event into an optical or electronic signal. Thus, the refractive index sensitivity is 
employed to assess the general extent of sensitivity for the plasmonic nanoparticles and it 
is used for "figure of merit" (FOM) to quantify the LSPR peak shift, which is defined as 
[ Shift in A.max of LSPR (nm) ] 
FOM = Refractive Index Unit (RIU) (S) 
Line width of LSPR (nm) 
where maximum peak shift of LSPR spectrum per refractive index unit (RIU) represents 
the refractive index sensitivity and the line width is the full width half maximum 
(FWHM) of the spectrum.19 Note that the unit of A. max is expressed to the unit of electron 
volt ( e V) for energy through a simple equation as following: 
(6) 
9 
where fi is the Plank's constant and c is the speed of light. So far the values of FOM 
dependent on the types of material, size, and shape for noble metal particles have been 
reported previously in the last decade and those are shown in Table 1. 
0 
..... 
Table 1. Summary of refractive index sensitivities dependent on various types of nanoparticle. 
max max Shift/RIU 
Ref. Particle Type FOM 
nm eV nm eV nm eV 
Tam (2004) Au/Si02 shell ensemble 770 1.61 350 .732 314 .657 0.9 
Sun (2002) Au! A uS shell ensemble 700 1.77 400 1.012 409 1.035 1.0 
Wang(2006) Aunanorice ensemble 1600 .775 600 .291 801 .388 1.3 
Underwood (1994) Au sphere ensemble 530 2.34 060 .265 090 .397 1.5 
Raschke (2004) Au! A uS shell single 660 1.88 077 .220 117 .333 1.5 
Sherry (2005) Agcube single 510 2.43 091 .433 146 .695 1.6 
Malinsky (200 1 ) AgNSL ensemble 564 2.20 104 .405 191 .745 1.8 
Nehl (2006) Au star single 675 1.84 125 .340 238 .649 1.9 
Mock (2003) Ag sphere single 520 2.38 073 .335 160 .734 2.2 
Bukasov (2007) Au crescent ensemble 1795 0.69 209 .08 596 .19 2.4 
Mock (2003) Ag triangle single 760 1.63 080 .172 350 .751 4.4 
Sherry (2005) Ag cube-sub single 430 2.88 022 .146 118 .792 5.4 
Nehl (2006) Au star single 770 1.61 124 .260 665 1.41 5.4 
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Surface-Enhanced Raman Scattering (SERS) Spectroscopy 
Vibrational spectroscopy has played a significant role m identifying molecular 
structure, bonding, and verifying the interfacial correlation between the adsorbates at 
surfaces and the surface performance properties. It is based on the experimental events 
that the energy transfer phenomena, vibrational transitions of the elements consist of a 
molecule, occur intrinsically through the interaction with electromagnetic radiation and a 
molecular system. Among the vibrational techniques, Raman spectroscopy has been well 
developed since the first discovery of Raman scattering by Raman and Krishna in 1928.20 
Although the Raman spectroscopy was obstructed by weak intensity, fluorescence 
interference, and incompetent light collection and detection in earlier time, now it has 
been flourished by the advancement of Fourier transform-Raman, charge-coupled devices, 
computer, and near-infrared (NIR) lasers. Figure 4 shows the spectroscopic transition of 
Raman scattering. Generally, light scattering, the interaction of light with matter, arises 
from dipole moments induced in the molecule by the incident electromagnetic field 
through the polarization of the molecule's electron cloud. Here, the energy exchange 
processes (absorption and emission of photon) have two types of scattering, elastic and 
inelastic. Rayleigh scattering is considered as the elastic scattering of the incident light 
because the excited energy of the scattering photons to the virtual state falls down to the 
ground state without the energy loss shown in Figure 4. On the other hand, for Raman 
scattering the excited photons by the incoming light lose or gain the energy due to the 
perturbation of the intrinsic molecular vibrations (vM), representing the molecule's 
"fingerprint", even though those are only a few portions of the incident photons, nearly 
one in a million photons. 
Virtual { 
energy 
state 
.......................................................... ~·· ............ . 
..................... ~·· ..................................... . 
12 
Energy 
}
Vibrational 
Ground ! hv M energy 
energy ___. --~--------~------------L-~~ state 
r 
state Rayleigh Stoke Anti-Stoke 
Scattering Raman Raman 
Scattering Scattering 
VAs= Vo + VM 
Vs =vo- VM 
Figure 4. Illustration of energy transition for Raman scattering. v0 indicates the frequency 
of the incident light, v M is the inherent vibrational frequency of the molecule in 
vibrational energy state. vs and VAs are the frequencies of scattered photons with the 
energy changed after the photons in the incident light are excited. 
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The former case with scattered signals presented at a lower frequency Vs is called Stoke 
scattering, and the latter with higher frequency VAs is called Anti-Stoke scattering in 
Figure 4. 
Here, the simple classical model is introduced to explain the essential features of 
Raman scattering. 21 -24 In the model, the generation of dipole moment by the incident 
electromagnetic field is modulated by the molecular vibrations, with or without the 
energy exchange, since the polarizability (a) is a function of the vibrational coordinate Q. 
The strength of induced polarization (P) is modulated with the polarizability (a) and the 
incident electromagnetic field (E) as following: 
P=aE (7) 
And the incident electromagnetic field is considered as 
E = E0 cos27rv0 t (8) 
where v0 is the frequency of the incoming light. By taking account of normal modes Qm 
as the components for the molecular vibrations, 
Qm = Q0 m COS27TV m ( (9) 
where Vm is the inherent harmonic frequency of the mth normal mode. The polarizability 
of electrons in the molecule will be adjusted by the molecular vibrations so that 
a ~a,+(:;_ )Q. + ······ (10) 
Thus, the polarization (P) can be obtained by the product of Equation (8) and (10), which 
yields 
14 
+ 0 -- COS27r(V0 + V m )t E Q0 m ( 8 a J 
2 8Qm 
(11) 
Note that (cos a· cos b) is equal to (cos(a+b) + cos(a-b)) I 2 and the higher order terms 
are ignored in Equation (10). Considering only the static molecular polarizability, 
Equation (11) explains that the scattering after the polarization induced in a molecule's 
electron cloud by the incoming light has 3 different frequencies. The first term is 
Rayleigh scattering having the same frequency (v0) with the incident light and 
proportional to the intrinsic polarizability (ao) of the molecule. The second term is anti-
Stokes Raman scattering with frequencies Vo + Vm and the third term is Stokes Raman 
scattering with v0 - v m· Equation ( 11) provides a selection rule for Raman scacttering and 
some useful insights. First of all, the intensities of polarization and scattering for both 
Rayleigh and Raman are linearly proportional to the intensity of the incident light. 
Second, Raman scattering is caused by only the molecular vibration to change the 
polarizability. This implies the polarizability is symmetric for Stoke Raman scattering. 
Indeed, the incident electromagnetic field induces a dipole moment in a molecule, in 
which the axis of the molecule is not parallel to the applied field because of the particular 
symmetry of the molecular electronic distribution. In effect, the Raman polarizability 
tensor is needed to understand further the induced dipoles by applied field. Third, Raman 
scattering may produce either loss or gain of vibrational energy. It is related to Raman 
shifts with positive or negative position shown in Figure 5 (a). 
(a) 
(b) 
60.000 
40.000 
20.000 
0 A 
-400 
Rayleigh 
Anri-Stokes 
~ Raman 
i 
' 
A .... 
-200 
AnU..Stokes 
Fnquency 
J 
0 
Stokes 
Raman 
~ 
"-.... .A. LA 
200 
Stobs 
15 
..A 
Figure 5. Schematic of Stokes and Anti-Stokes of a Raman spectrum showing (a) the 
frequency relationship and (b) sulfur Ss. 
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While nearly all molecules are in the ground energy state (Vm = 0) and the Raman spectra 
are collected at room temperature, only a small fraction of them are located in higher 
vibrational energy level. Accordingly the Anti-Stokes Raman scattering produced from a 
smaller population in the higher levels is much weaker and the efficiency of the Stokes 
scattering generates much greater intensity. As shown in Figure 5 (b), the intensity of the 
Stokes Raman scattering of sulfur Ss is much g than the one of the Anti-Stokes. Fourth, 
(8 a/8 Qm) can be changed considerably depending on different molecules and different 
modes in a given molecules, leading to wide variations in Raman scattering intensity. 
Fifth, (8 a/8 Qm) is generally much smaller than a0, thus Raman scattering is much 
weaker than Rayleigh scattering. Figure 5 (b) shows the extremely high full the intensity 
is the Rayleigh scattering in the middle. 
Surface-Enhanced Raman scattering (SERS) was first discovered in 1974 by 
Feischman et at?5 In this study, unusually enhanced Raman scattering was observed from 
pyridine adsorbed on the highly roughened surface of a sliver electrode. Later, Jeanmaire 
and Van Duyne,26 and separately Albrecht and Creighton27 in 1977 proposed that the 
enhancement of Raman scattering could be increased by a factor of 106 and the 
remarkable enhancement of the Raman signal was originated from the increased large 
number of adsorption sites of the roughened surface. In 1997, Kneipp et at. and Nie et at. 
independently achieved single molecules detection using silver colloidal nanoparticles by 
the Raman scattering with estimated enhancements by factors up to 1015?8-29 The 
tremendous enhancements of Raman scattering is called surface-enhanced Raman 
scattering (SERS). SERS is originated from the highly enhanced electromagnetic field at 
the adjacent surface of the metal nanoparticles or nanostructures with the localized 
17 
surface plasmon resonance (LSPR). Also, the SERS signals are enhanced by 
electromagnetic fields are highly confined in the "hot spot", which is the very small 
interstice when the two or more nanoparticles is get together closely within about 1nm or 
less. 
As previously stated, Raman scattering as an inelastic scattering is regarded as a 
linear process, so the entire power of the scattered beam is linearly proportional to the 
intensity of the incident excitation light. For the Stokes Raman scattering, the power of 
scattered light (Ps) can be expressed as 
P8 (v8 )=N·uRS ·l(v0 ) (12) 
where N is the number of Stokes-active molecules within the excitation spot, CJRS is the 
Raman scattering cross section, and /(v0) is the intensity of the excitation light. The 
enhancements of Ps, the SERS enhancement mechanism, is considered to arise from the 
two classes broadly, chemical and electromagnetic enhancement. First, the chemical 
theory ascribes the enhancement to charge transfer as intermediate states between 
nanoparticles and the molecules adsorbed on the surface of the nanoparticles. In 
accordance with adsorption, the orbitals of the metal and molecule interact and the metal-
molecule complex is formed. Convergence ofthe metal's Fermi level and the molecule's 
orbitals allows electrons to move from the molecule to the metal (and reversely). The 
complex absorbs the excited energy from the incident light via this charge transfer 
process, thus it leads to increase the Raman scattering cross section (crRS) by resonance. It 
is called the chemical enhancement. This enhancement provides an additional boost to the 
overall SERS enhancement. The chemical enhancement factor ranges typically fromlO to 
103• Second, the electromagnetic theory attributes the enhancement to the large local 
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electromagnetic fields caused by surface plasmon resonance that can be optically excited 
at certain wavelengths for metal nanoparticles with different sizes and shapes or closely 
packed nanoparticles with very small interstices much smaller than the wavelength. 
Usually, the local enhancement in the hot spots can be reached to orders of magnitude 
1010 or even 1012 for optimal conditions. Generally, the electromagnetic enhancement 
(ERS) due to excitations of LSPR is considered as a more dominant factor in the total 
enhancement, which can be defined by 
(13) 
where the angular brackets represent spatial averaging over the metal nanoparticle 
surface. E(v0) is the local electric field enhancement factor at the incoming light with 
frequency vo and E(vs) is the corresponding factor at the Stokes-shifted frequency vs, 
whereas ~(v0) and ~(vs) are the probe, non-enhanced fields at these frequencies. For 
simple approximation, these non-enhanced amplitudes both equal to unity. Additionally, 
assuming that the Stokes frequency shift is smaller than the plasmon resonance width and 
the localized electromagnetic excitations at the two frequencies occur in the same spatial 
positions, E(v0) and E(vs) can be set to the same value. As a result, the enhancement 
factor for SERS is given by the fourth power of the ratio of the total electric field E(vs) at 
the molecule location to the incident excitation field E(v0) with frequency v0 as following: 
Practically, the overall enhancement factor (EF) for Raman scattering can be calculated 
using 
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EF = JSERS X N Neat 
]Neat NSERS 
(15) 
where !Neat and lsERS represent the intensity of the neat Raman and SERS signals at an 
interested frequency, and N Neat and NsERS are the numbers of the molecules attributed to 
the spectrum's intensities NNeat and NsERS can be calculated from the effective volume and 
the effective surface area. 24' 30-31 
As referred to earlier, SERS can provide the molecular information and extraordinary 
sensitivity to prove the surface structure and behavior of molecules for chemical or 
biological analysis. In addition, SERS has the advantages over non-invasive measurement, 
simple sample preparation, compatibility with aqueous solution, and observation at low 
frequency. Thus, a number of geometries of the nanoparticles or their ensembles have 
been extensively investigated to generate larger enhancement for reproducible and 
controllable SERS-active platforms because the field enhancement due to LSPR from 
"hot spots" in morphological features, such as sharp tips and edges, can create strong 
spatially confined field enhancement, which makes a major contribution to the total 
enhancement of Raman scattering. 
Cancer Diagnostics 
One of the currently emerging researches in nanotechnology, particularly in the area 
of biophotnics, is a cancer diagnostics and therapeutics using noble metal nanoparticles. 
It provides a great opportunity for the early detection of cancer and light-activated 
therapy in biomedical applications. For these aims, the use of in vivo imaging and 
therapy in near-infrared (NIR) wavelength of light is highly desirable because biological 
tissues have very low absorption in the NIR spectrum window shown in Figure 6, thus it 
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heads off some decomposition resulted from heat by light absorption. In addition, while 
absorption and scattering of a tissue cause a loss of light intensity when the light passes 
through it because a tissue is a kind of turbid macromolecule consisting of water and a 
group of various cells, the NIR provides maximal penetration depth in a typical tissue up 
to 2 em. 32-33 
Noble metal nanoparticles with vanous sizes, shapes, and structures have been 
intensively exploited for drug delivery carriers, imaging contrast and therapeutic agents 
in biological and medical applications34-39 because of their optical properties, non-toxicity, 
and facile surface chemistry for biocompatibility.4043 Especially, the strong optical 
extinction due to LSPR enables the gold nanoparticles, which can tune their spectra to the 
near-infrared, to act as molecular contrast agents in a spectral region where tissue is 
relatively transparent as well as to boost photothermal therapies and controlled drug 
release by localized heating due to resonant absorption. 
Metal light-scattering particles such as gold and silver have made a tremendous 
impact on biomedical imaging applications due to the high very high plasmon resonant 
scattering power at the very low concentration up to 10-16 M.44 In addition, the scattering 
signal does not photobleach or blink and polarization reveals the local orientation for 
nonspherical nanoparticles. These effects have generated interest in the use of Au and Ag 
nanoparticles as micoroscopic imaging labels. Another advantage of these particles 
allows various biomolecules such as antibodies, DNA, and other tracer substances bind to 
the surface of gold and silver easily without altering their light-scattering properties. 
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Figure 6. The absorption spectra of three important cellular components. The NIR region 
shows minimal light absorption by hemoglobin, oxyhemoglobin ( <650 nrn), and water 
(>900 nm). 45 
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II. A Structural Transition in the Surfactant Layer that Surrounds Gold Nanorods 
Observed by Analytical Surface Enhanced Raman Spectroscopy 
1. Introduction 
The surfactant cetyltrimethylammonium bromide (CTAB) greatly influences the 
synthesis of gold nanoparticles in gold chloride solutions.46 By adjusting the reactants in 
the growth solution, many nanoparticle shapes can be produced, including nanospheres,47 
nanorods,4849 bipyramids,50 polyhedra, and nanostars.51-52 Remarkably, the nanoparticle 
products are monodisperse suggesting specific interactions between the surfactant, the 
nanoparticle surface, and other reactants (silver nitrate, nitric acid, ascorbic acid, etc). 
While the detailed mechanisms for these reactions have not been found, it is thought that 
CTAB interacts with different facets and defects on the growing nanoparticle to yield 
different rates of gold ion reduction onto the nanoparticle to cause anisotropic growth. 
The nature of the CTAB layer is therefore of considerable interest, since it is the key to 
understanding CTAB directed synthesis. It is also critical to applications of these 
nanomaterials. Chemical and biological sensing, 17• 53-54 biomedical theranostics, 55 and 
even nanophotonic devices56 require modifications to the nanoparticle surface chemistry 
for biological targeting, film formation, or the assembly of complex structures. 57 
Gold nanorods and other shapes are synthesized in 100 mM CTAB solution, yet only 
a small fraction of that CTAB is bound to the nanoparticle surface (micromolar 
concentrations, based on the nanoparticle surface area and typical CTAB packing density). 
However, if one transfers the nanorods to a low CTAB solution between 0.1 and 1 mM 
the nanoparticles may rapidly aggregate. 58 This well-known difficulty is thought to result 
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from CTAB being only weakly bound to the nanoparticle surface, and constantly being 
exchanged with CTAB micelles in solution. If the CTAB concentration is reduced below 
a certain point, the surface bound CTAB is lost and there is nothing to stabilize the gold 
nanoparticles from aggregation. 
CTAB is thought to form a bilayer on gold nanoparticle surfaces. 59 
Thermogravimetric analysis (TGA) of dried nanorod films displays two successive peaks 
of CTAB removal from the nanorod surface, suggesting two uniquely bound layers. Also, 
surface enhanced Raman spectroscopy (SERS) of nanorod films in CTAB solution yields 
a very strong gold-bromide band, suggesting that the head group is adjacent to the 
nanorod surface. 60 This would leave the hydrophobic alkane chain exposed to the solution, 
so a second surfactant layer would form. While the bilayer structure has not been directly 
observed on nanorods, its existence is widely discussed and accepted. Here we use SERS 
to probe the structure of the nanoparticle/CTAB interface. 
2. Experimental Method 
SERS provides vibrational spectra of molecules on or near an interface, with the 
strongest signals from plasmon resonant nanostructures that greatly enhance 
electromagnetic fields at their surface.61 While SERS is being widely pursued for sensing 
applications,62"63 it is also well positioned as an analytical technique to probe nanoparticle 
interfaces since it can be applied in situ (rather than on dried films for TGA or in vacuum 
for electron microscopy). The strategy for analytical SERS pursued here was to focus a 
Raman microscope through a quartz cover slip and into a concentrated nanoparticle 
solution, as depicted in Figure 7.64 In this way, averaged Raman spectra were recorded 
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from nanoparticles that diffuse through the focused beam spot during the 30 second 
exposure. 
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Figure 7. (A) A schematic of the analytical SERS measurement and (B) an electron 
micrograph of the gold nanorods. 
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Figure 8. The distribution of nanorod lengths and diameters according to TEM imaging. 
The average values are length = 3 7 nm, diameter = 11 nm, surface area = 1278 nm2• 
27 
Gold Nanorod Synthesis and Characterization 
The nanorods examined in this study were fabricated by seed mediated, surfactant 
directed synthesis.49• 65 All solutions were prepared fresh for each synthesis, except for 
the hydrogen tetrachloroaurate(III) (Sigma, no. 520918), which was prepared as a 28 mM 
stock solution from a dry ampule and stored in the dark. An aliquot of the stock solution 
was diluted to 10 mM immediately before use. Gold seed particles were prepared by 
adding 250 J.lL of 10 mM hydrogen tetrachloroaurate(III) to 7.5 mL of 100 mM 
cetyltrimethylammonium bromide (CTAB) (Sigma, #H9151) in a plastic tube with brief, 
gentle mixing by inversion. Next, 600 J.lL of 10 mM sodium borohydride (Acros, #18930) 
was prepared from DI water chilled to 2-8 oc in a refrigerator and added to the seed 
solution immediately after preparation, followed by mixing by inversion for 1-2 min. The 
pale brown seed solution was stable and usable for several hours. The nanorod growth 
solution was prepared by adding the following reagents to a plastic tube in the following 
order and then gently mixing each by inversion: 425 mL of 100 mM CT AB, 18 mL of 
1 OmMhydrogen tetrachloroaurate(III), and 2. 7 mL of 10 mM silver nitrate (Acros, 
#19768). Next, 2.9 mL of 100 mM ascorbic acid (Fisher, #A61) was added and mixed by 
inversion, which changed the solution from brownish-yellow to colorless. To initiate 
nanorod growth, 1.8 mL of seed solution was added to the growth solution, mixed gently 
by inversion, and left still for three hours. During this time, the color changed gradually 
to dark purple, with most of the color change occurring in the first hour.17 
Gold nanorods were deposited on carbon coated grids and imaged with a JEOL JEM 
2010 transmission electron microscope (TEM). The resulting images (such as Figure 7) 
were analyzed to yield the following nanorod size distribution displayed in Figure 8. 
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Analysis of 60 nanorods by transmission electron microscopy (TEM) yielded an average 
length of 36 ± 5 nm and an average diameter of 11 ± 2 nm (error bars represent the 
standard deviation). 
Gold Nanorods Films Preparation and Extinction Coefficient Measurement 
The gold nanorod extinction coefficient was measured as described previously.42 For 
analytical work, this measurement must be performed for each nanorod sample since the 
extinction coefficient depends on the nanorod geometry. To form uniform films, the 
nanorods must be PEGylated by displacing the CT AB with a thiol terminated 
polyethyleneglycol as described previously: 1 mL of CT AS-stabilized gold nanorods 
including 100 J.lL of 2 mM potassium carbonate was centrifuged at 7000g for 30min to 
pellet the nanorods. The CT AB solution was decanted, and the pellet was resuspended in 
1mL of DI water with10 J.tL of 1mM thiol terminated methoxypoly(ethylene glycol) 
(mPEG-SH, 5000 MW, Nektar Theraputics). The nanorods were then taken through at 
least two more centrifuge/decant cycles, resuspending each time in deionized water, to 
further reduce the CT AB concentration. The nanorods pellet after the last centrifuge was 
added to the solution of DI water with mPEG-SH and left overnight to displace the 
CTAB.47 
A uniform nanorod film was formed on a glass substrate as described previously: 
Glass microscopic slides (75 mm x 25 mm) were cleaned in piranha solution (3:1 H2S04/ 
30% H20 2), thoroughly rinsed with deionized water, and dried. WARNING: Piranha 
solution is very corrosive and must be handled with extreme caution; it reacts violently 
with organic materials. They were then immersed in an ethanolic solution (9:1 EtOH I 
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APTES) of aminopropyltriethoxysilane (APTES) (Sigma, #440140) overnight, rinsed 
with water, and dried. The APTES coated slides were then immersed in a PEGylated 
nanorod solution overnight. Once rinsed and dried, a uniform layer of gold nanorods 
remained on the surface with an absorbance of approximately 0.1 at the LSPR peak 
wavelength. 17 The nanorod film was imaged under ambient conditions by tapping mode 
atomic force microscopy (Nanoscope IV, Veeco). Five images were collected from 
different parts of the substrate to find an average nanorod density of Nfitm = 245 m-2• 
Figure 9 displays a typical AFM image. 
The spectral transmittance of this film was measured with a fiber spectrometer 
(USB2000, Ocean Optics). The spectrum is displayed in Figure 10 and shows a dip due 
to LSPR extinction with a minimum of 0.77. Together these measurements yielded the 
nanorod cross section and the spectral extinction coefficient: 
CT = 1- Tmin (16) 
Nfilm 
N 
8 = 2 A CT (17) 
1000 ln(lO) 
An extra factor of two is included in the extinction coefficient to account for the rotation 
of nanorods in solution relative to this measurement where they are always in plane.22 
Finally, this calculation yielded a peak nanorod cross section of a= 9.4 x 10-12 cm2 and a 
corresponding molar extinction coefficient c = 4.9 x 109 M-1cm-1• Note that the film was 
created only to measure the nanorod extinction coefficient, not for SERS measurements. 
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Figure 9. A 3 x 3 micron AFM image of the gold nanorod film deposited on a glass 
substrate to create a uniform film of density 245 J.!m-2. 
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Figure 10. The spectral transmittance of the film in Figure 9. 
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3. Results and Discussion 
The nanorod solution samples for SERS measurements were concentrated to have a 
peak absorbance of 77 at the LSPR peak, which corresponds to a 16 nM nanorod 
concentration. Based on the focal volume of the laser beam, there were on average 69 
nanorods in the beam spot. By avoiding the complicating effects of thin film 
heterogeneity and "hot spots", we found the SERS spectra to be highly reproducible 
between experiments with regard to spectral peak energy and intensity. While the 
detector count rate depends on many instrumental and sample parameters, they were all 
held constant among experiments so that the scattering rates could be used to interpret 
structural properties and variations of the CT AB layer. Figure 11 displays a comparison 
of Raman spectra from a solution of pure CT AB and from a solution of nanorods in 
CTAB. The spectra contain several bands that were identified with CTAB. The 760 cm-1 
band corresponds to the symmetric stretch of the trimethylammonium head group 
according to previous reports and quantum chemical calculations. 66-67 The band at 1 070 
cm-1 is due to the C-C bonds in the alkyl chain, as is well known from spectroscopic 
studies of surfactants and alkanes.67-69 The band at 1445 cm-1 corresponds to CH2 scissor 
modes which are only present along the alkyl chain for CT AB. 
Furthermore, when we replaced CTAB with cetylpyridinium bromide (CPB), either 
during growth or through subsequent displacement, this band vanished or was diminished 
in favor of pyridinium bands. For this experiment, gold nanoparticles were grown as 
described above, except using a CPB/gold chloride growth solution rather than CTAB. 
The resulting nanoparticles were nanospheres rather than nanorods, but still provided 
SERS spectra. CTAB/nanorod and CPB/nanosphere spectra are shown in Figure 12. 
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Figure 11. SERS spectra of(A) 16 nM nanorods stabilized by 50 mM CTAB (top) and pure 100 mM CTAB solution 
(bottom). Peaks (Band C) that are compared between the two samples are labeled. The raw data in detector counts 
are displayed, and the plots are offset for clarity. 
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Both display the Au-Br band at 180 cm·1• The 760 cm-1 trimethylammonium band is 
present only for the CTAB/nanorod sample, and a 1030 cm"1 band, which corresponds to 
the pyridinium ring mode, is only present for the CPB sample. 
The 176 cm-1 band was only observed in the nanorod sample and corresponds to a 
Au-Br" bond according to quantum chemical calculations and other studies of 
surfactants. 66 When we replaced the bromide counterion with a lighter halogen, the peak 
shifted to higher energy as expected. Similarly, gold nanoparticles displaced by 
cetyltrimethylammonium chloride (CTAC) were synthesized. The spectra of both CTAB 
and CTAC nanoparticles in Figure 13 exhibit the 760 cm-1 trimethylammonium band and 
the CTAC sample has a higher energy halide-Au band shifted from 180 cm-1 to 250 cm"1, 
consistent with the lighter chloride ion. 
The nanorod SERS spectrum also displayed enhanced alkyl chain bands at 1070 cm-1 
and 1445 cm-1, plus new bands at 1150 cm-1, 1280 cm-1, and 1500 cm-1• These are likely 
due to CH2 scissoring, twisting, and wagging modes on the alkyl chain. 66' 70 The well-
studied bands between 2850 and 3000 cm-1 for CH2 and CH3 modes were observed, but 
were too weak to be well resolved. Since CH3 groups are present both at the end of the 
alkane chain and on the head group, they cannot provide clear structural information. 
In Table 2, we analyze these signals quantitatively. The three bands highlighted in 
Figure 11 were fit to Gaussian curves and their integrated areas were divided by the 
exposure time to determine /, the integrated count rates. The bands in Table 2 were 
chosen because they could be observed for both the pure CT AB and the nanorod samples, 
and they could be confidently assigned to a specific vibrational mode. A simple 
comparison of the integrated count rates yielded enhancements much too small for SERS. 
LO A 600 50 ('t') 
500 CTAB 40 
400 
f 300 30 
~ 20 
200 
100 10 
0 
Wavenumber (cm"1) Wavenumber (cm·1) 
8 50 15 
CPB 
40 12 
l:' 30 9 
'iii 
c:: 
~ 20 6 
10 3 
0 
Wavenumber (cm-1) Wavenumber (cm"1) 
Figure 12. A spectrum of (A) CTAB supported gold nanorods and (B) CPB supported gold nanoparticles. 
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Figure 13. SERS spectra of (A) CTAB supported gold nanorods and (B) CTAC supported gold nanospheres. 
Table 2. SERS count rates and enhancements for the bands noted in Figure 11. 
Band Mode 
[CTAB] = 100 mM [CTAB] = 50 mM EF 
[NR] =0 mM [NR] = 16 nM 
em·• cts/s cts Is-mol cts/s cts Is-mol 
760 Head group stretch 23 ± 6 4.4 X 1017 1060 ± 70 3.7 X 1022 85,000± 31% 
1070 Alkane C-C stret 21 ± 6 4.0 X 1017 330 ± 30 1.1 X 1022 28,000±40% 
1445 Alkane CH2 wag 52± 5 9.9 X 1017 450 ± 40 1.5 X 1022 15,000 ± 19% 
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However, one must consider the number of molecules being probed according to the 
standard formula 
EF = ISERS/ NSERS 
J Raman/ N Raman 
(18) 
where lsERS and l&man are the integrated count rates of the nanorod and pure CT AB 
samples, respectively, NsERS and N&man are the quantity of molecules probed, and EF is 
the SERS enhancement factor. Specific definitions of analytical enhancement factors 
have been previously defined, and are usually distinguished by the inclusion of a normal 
Raman measurement under experimental conditions identical to the SERS 
measurement. 71 -72 
As described here, analytical SERS further requires well characterized nanoparticle 
geometries and molecular quantities for NsERS so that accurate enhancements can be 
calculated and compared to numerical simulations. In these experiments this is possible 
due to enhancement from monodisperse nanorods at known concentrations with well 
characterized molecular density at their surface. In the pure CT AB sample N Raman is 
calculated from the laser focal volume and the known CTAB concentration. For the 
nanorod sample, NsERS is calculated from the total nanorod surface area in the focal 
volume and the CT AB packing density as follows. The focal volume is calculated from 
the standard formulas for the beam waist radius 
2A-f 
rbeam = 7!d (19) 
the depth of focus 
DOF= 8A-f2 
7!d2 (20) 
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and finally the focal volume 
2 32.A? (!)4 FV = TC • rbeam DOF = ~ d (21) 
where/is the focal length, dis the lens diameter, and 2 is the wavelength.73 N&man is this 
volume multiplied by the CTAB concentration. For NsERS we multiply the focal volume 
by the nanorod concentration, then factor in the nanorod surface area and surface area 
occupied per CT AB molecule. CT AB bilayers on silica have been studied by neutron 
scattering where it is found that each CTAB occupies 19 A2•74 However, that number 
represents both leaflets of the CTAB bilayer. In SERS we expect signal only from the 
bottom leaflet of the bilayer considering how rapidly the electromagnetic enhancement 
decays with distance from the surface. We therefore use twice the neutron ~cattering 
value: 38 A2. Other methods yield similar areas occupied per CTAB molecule for well-
ordered layers. 75 
The resulting EF's {Table 2) are larger for the head group than for the alkane chain. 
Assuming the enhancements are electromagnetic and rapidly decay with distance from 
the surface, the results presented in Table 2 are consistent with a CT AB layer oriented 
with its trimethylammonium head group near the gold surface and the alkane chain 
oriented away from the surface. 
SERS spectra were recorded for 16 nM nanorods in 50, 10, 5, 2, 1, and 0.5 mM 
CTAB and the EF's were calculated. All band intensities generally reduced as the CTAB 
concentration was lowered. However, from 5 mM to 2 mM CTAB, bands corresponding 
to the alkane chain dramatically increased. As displayed in Figure 14, all bands between 
1000 and 1600 cm-1, which correspond to modes ofthe alkane chain, increase from 5 to 2 
mM CTAB, while the 760 cm-1 head group band decreased. 
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Integrated scattering rates and EFs for all samples are plotted in Figure 15. 
Assuming the enhancement is largely electromagnetic, the shift from 5 to 2 mM CTAB 
must represent a structural rearrangement of the CT AB layer in which the alkane chains 
move closer to the gold surface. Note that as the CT AB concentration decreases, the 
integrated count rates from all bands drop steadily and at a similar rate (except for the 
sudden transition of the alkane bands). This represents a loss of CT AB near the surface, 
which follows the general behavior of surfactants at interfaces. 76 The enhancements were 
therefore calculated assuming a well-packed bilayer for the 50 mM CT AB sample, and 
data from other concentrations were adjusted according to their relative 760 cm-1 
integrated count rates. 
The adsorption behavior of CTAB at the liquid-solid interface has been thoroughly 
studied for silica, mica, graphite, and other surfaces. The effects of hydrophobic and 
electrostatic interactions, alkane chain length, surface chemistry, counterion species, etc. 
have been studied by a range of techniques. 76 The adsorption process and resulting 
structures differ on hydrophobic and hydrophilic surfaces. At the anionic water-silica 
interface, detailed kinetic studies and imaging experiments have led to the model in 
Figure 16. The surface coverage as a function of solution CT AB concentration is 
described for three distinct concentration spans, named for the interactions which drive 
the interfacial structure. At the lowest CT AB concentrations, isolated CT A+ cations bind 
to the anionic silica surface due to electrostatic interactions in the electrostatic span. 
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Figure 14. SERS spectra of 16 nM nanorods stabilized by 2 mM CTAB (top) and 5 mM CTAB (bottom). 
The raw data in detector counts are displayed, and the plots are offset for clarity. 
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Figure 15. (A) The integrated count rates and (B) SERS enhancement factors at varying 
CT AB concentrations for head group ( • ), alkane chain C-C ( • ), and CH2 (A) modes in 
16 nM nanorod solutions. 
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Figure 16. Schematic illustrations of CT AB surface structures on silica and gold. 
The CT AB concentration axis applies to both schemes. 
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As the CT AB solution concentration increases, so does the CT A+ surface 
concentration, leading to interactions between their hydrophobic alkane chains in the 
electrostatic/hydrophobic span. Once the interface reaches net electroneutrality, CTA+ 
will cover the exposed alkanes and form bilayers or admicelles in the hydrophobic span. 
Note that the critical micelle concentration (CMC) occurs at a concentration within the 
hydrophobic span. Detailed kinetics studies indicate that the CMC has no effect on the 
surface structure, and only affects the kinetics of CT A+ transfer to and from the silica 
interface. 76 
The gold nanorod surface is polarizable and has a strong affinity for Br-, so the 
negatively charged hydrophilic silica model should be relevant. The Au-Br peak is 
observed in all spectra, so the nanorod surface can be considered anionic and will 
therefore attract cationic CTA+. Figure16 depicts interfacial structures that explain our 
spectral observations_ Based on the enhancements in Figure 15, we propose that the 
spectral changes observed from 5 to 2 mM CT AB reflects a transition from a highly 
ordered bilayer, which requires a high flux of CTAB micelles to maintain structure, to a 
collapsed bilayer. The collapse brings alkane chain groups close to the surface, which 
explains their increased enhancement. This collapse could occur because a reduced flux 
of CT A+ from micelles cannot sufficiently cover the hydrophobic surface of the lower 
leaflet. Therefore, the lower leaflet re-organizes to orient its hydrophobic regions toward 
the gold surface. Prior SERS measurements of CT AB on gold electrodes provide direct 
spectral evidence that the alkane chain can form bonds to a gold surface. 66 Figure 16 also 
proposes that this structural shift from 5 mM to 2 mM CT AB represents the transition 
from the hydrophobic to the electrostatic/hydrophobic span. 
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Figure 17. The zeta potential ofnanorods at various CTAB concentrations. 
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This follows the behavior described above for the CT AB layer on silica, since loss of 
CT A+ ions at the interface would result in a more anionic interface, and therefore 
increased role of electrostatic interactions with CT A+. This boundary is supported by 
Figure 17, which displays the zeta potential of nanorods measured at different CTAB 
concentrations. The zeta potential shifts from positive to negative between 5 and 2 mM 
CTAB. 
In the collapsed region the nanorod suspensions were stable down to the 0.5 mM 
CTAB sample whose EFs are shown in Figure 15. A 0.2 mM CTAB nanorod sample 
was prepared, but it showed signs of aggregation and was not analyzed. We therefore 
draw a second line on the scheme showing the transition to a new phase from 0.5 to 0.2 
mM CTAB. We hypothesize that this is the transition from the electrostatic/hydrophobic 
span to the electrostatic span, where the low CT AB coverage will leave exposed regions 
of gold surface that cause aggregation. 
The different surface behaviors described above have significant implications for 
technological applications of CTAB stabilized gold nanoparticles. To use these 
nanoparticles in biological environments, to process them into high quality films, or to 
use them as building blocks for more complex structures all require manipulations of the 
nanorod surface chemistry. Many reports simply state that CTAB is removed by 
sedimentation or other process, but the results here show that it can be important to 
carefully control the CT AB concentration. Here the nanorods were sedimented and then 
resuspended in prepared CT AB solutions. This serves to transfer the nanorods to a known 
CTAB concentration, and removes excess reactants from the synthesis. Nanorod 
solutions of various CTAB concentrations were exposed to a thiol-terminal 
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polyethyleneglycol polymer (mPEG-SH) which displaces the CTAB layer to stabilize 
gold nanorods in the absence of CTAB.42 The LSPR peak wavelength was tracked to 
monitor the displacement via the change in local refractive index. The results, shown in 
Figure 18, revealed an order of magnitude increase in the rate of displacement for CTAB 
concentrations below 2 mM relative to those above 5 mM. This transition, which exactly 
matches the shift in SERS band intensities and zeta potential, indicates that the change in 
CTAB layer structure also leads to more facile displacement of the CTAB layer. Taken 
together, these results indicate that there is an ideal range of CTAB concentration for 
chemical manipulations of the CT AB/nanorod interface represented by the 
electrostatic/hydrophobic span in Figure 16. These results demonstrate that with 
analytical measurements, SERS data can provide some level of structural information at 
the solid-liquid interface, given that the electromagnetic enhancements are highly 
distance dependent. SERS can potentially serve as a novel tool for interfacial structure 
since it provides chemical identification, it can be recorded in situ, and it requires no 
chemical modification. Furthermore, through accurate modeling, one can in principle 
assign absolute positions to molecular groups based on their SERS signal. We attempted 
such a correlation for the data reported above. Electromagnetic enhancements near the 
surface of cylindrical gold nanorods with hemispherical end caps were simulated by the 
finite element method (FEM) in software package COMSOL. A gold nanorod with the 
average dimensions of the particles in our sample (36.8 x 11.1nm) was simulated using 
the gold dielectric data from Johnson and Christy. The surrounding medium was water, 
and a 3.8nm oil layer on the particle surface was included to simulate the effect of the 
CTAB bilayer. 
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Figure 18. The LSPR shift due to CT AB displacement by mPEG-SH at various CT AB 
concentrations. 
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Figure 19. The calculated field enhancement around gold nanorods along three axes. 
These values are from simulations at the excitation wavelength. 
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The simulations were carried out for incident light polarized along the long axis of the 
nanorod at both the excitation (785 nm) and emission (band dependent) wavelengths. 
The resulting field enhancements (EI Eo) were exported to MA TLAB and converted 
to SERS enhancement factors (EF) according to Equation 22. EF values along lines 
normal to the nanorod surface were fit to exponential functions shown in Figure 19. The 
resulting exponential prefactors and rate constants varied over (1) the surface of the 
endcap (0, Figure 19) and (2) the length ofthe cylinder (x, Figure 19). Their dependences 
were fit to polynomials to create analytical expressions for the EF that could be used to 
calculate the surface averaged enhancement. This averaged enhancement, for the nanorod 
aligned with the excitation light was multiplied by 8115 to account for the random 
orientation of the nanorods.72 The enhancement factor for 760 cm-1 emission versus 
distance from the surface is plotted in Figure 20. 
The electromagnetic field enhancements (g=EIEo) were calculated at the excitation 
and emission wavelengths as a function of separation from the surface. The EF was 
calculated from: 
where g and g' are the excitation and emission field enhancements, and aRo and aR are 
the molecule's Raman polarizability factors alone and in the presence of the particle. We 
assume the polarizability factors for different orientations are approximately equal and 
base our enhancement calculation solely on the calculated fields. 72 
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Figure 20. Calculated (-) and measured ( • ) enhancement factors as a function of 
distance from the nanorod surface for the head group (red), C-C stretch (green), and CH2 
scissor (blue) bands. The EF is calculated for 760 cm·1 shifted emission. 
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The EF is averaged over the surface of the nanorod and averaged for random nanorod 
orientation relative to the incident beam. The results are displayed in Figure 20, along 
with the chemical structure of CT AB oriented normal to the surface, and the three 
experimental EF measurements. 
The head group is estimated to be 5 A from the surface due to the presence ofthe Br· 
ion and methyl groups. The alkane bands have contributions from all along the chain, so 
the position given is the average based on the calculated enhancements. One can see that 
the measured EF' s are within an order of magnitude of the calculated enhancements and 
have the correct distance dependence. The EF measurements appear to decay slightly 
more rapidly with distance than the simulation. However, the simulation results plotted in 
Figure 20 are for emission at a 760 cm·1 shift, which corresponds to the head group. The 
alkane modes are further redshifted (1070 cm·1 and 1445 cm-1) and therefore at a 
frequency further from the nanoparticle resonance, leading to a lower field enhancement. 
Note that this may also explain why the CH2 bands, while in similar locations to the C-C 
bands on the molecule, experience lower enhancements. 
The discrepancy between the measured and computational EF could be due to 
geometrical effects such as sharp asperities on the nanorod surface or non-hemispherical 
end caps. 77 Even modest increases in the field enhancement of these structures would 
readily account for the current order of magnitude discrepancy. Another possibility is that 
nanorods transiently associate in solution via their CTAB bilayers. Even a small fraction 
of nanorod dimers could significantly affect the SERS signal given the orders of 
magnitude increase that can be created by a hot spot between nanoparticles. Other factors 
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could contribute, such as surface selection rules 72• 78 or inaccurate CT AB densities, but 
they are not likely to be large enough to bring the values in agreement. 
4. Conclusion 
Surface enhanced Raman spectroscopy (SERS) of gold nanorods m 
cetyltrimethylammonium bromide solution has been used to analyze the interfacial 
surfactant structure based on the distance dependent electromagnetic enhancement. The 
spectra were consistent with a surfactant bilayer oriented normal to the surface. As the 
surfactant concentration was reduced, a structural transition in the surfactant layer was 
observed through a sudden increase in the signal from the alkane chains. The structural 
transition was supported by zeta potential measurements and shown to influence the 
displacement of the surfactant layer by thiolated polyethylene glycol. The monodisperse 
and thoroughly characterized gold nanorod samples yield well-characterized 
enhancement factors that were compared to electromagnetic simulations. 
The results presented here demonstrate the utility of analytical SERS for structural 
studies of nanoparticle/surfactant interfaces. A structural transition in the CT AB layer 
that stabilizes gold nanorods was identified by comparing the intensities of different 
bands within the CT AB molecule. The results were supported by zeta potential 
measurements, and it was shown that the transition has a significant effect on chemical 
manipulation of the CTAB layer. Finite element calculations of the electromagnetic 
enhancement fell within an order of magnitude of the measured enhancements. Although 
these data and calculations do not match quantitatively, they are close given the many 
orders of magnitude over which SERS has been reported, and they represent a first step 
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towards using SERS for direct structural determination. We are currently pursuing other 
analytical SERS substrates that will provide increased accuracy when compared to 
numerical simulations of the electromagnetic enhancement and will provide further 
insight into the interfacial structure based on polarization. 79 
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III. An Improved Localized Surface Plasmon Resonance Immunoassay with Gold 
Bipyramid Substrates 
1. Introdcution 
Localized surface plasmon resonance (LSPR) describes the collective oscillation of 
free electrons that occurs when light is incident on a noble metal nanoparticle. LSPR 
results in strong optical extinction which can be tuned throughout the visible and near-
infrared wavelengths by adjusting the particle's size and shape. The LSPR spectral 
extinction peak is sensitive to the surrounding media's refractive index, which allows 
LSPR-active nanostructures to act as transducers in label-free biosensors. That is, by 
observing spectral shifts in the resonance wavelength, one can directly measure 
molecular binding to a nanoparticle surface through minute changes in the particle's 
dielectric environment. 5"6• 43• 80"81 LSPR sensing is therefore the nanoparticle analogue of 
surface plasmon resonance (SPR) sensing with a thin gold film, but requires only simple 
spectral extinction measurements. LSPR biosensing with gold54• 82"87 and silver15• 88-91 
nanoparticles has been pursued for the past decade, but most reports describe only the 
initial and final LSPR peak wavelengths upon exposure to the target, yielding endpoint 
assays rather than kinetic measurements of molecular binding at the nanoparticle surface. 
We recently demonstrated real-time LSPR sensing capabilities by performing a label-free 
immunoassay based on the LSPR peak wavelength of gold nanorod substrates and 
determined the rate constants of association and dissociation between primary and 
secondary antibodies. 17 Here, we extend this result to gold bipyramid50 substrates, which 
have a narrower LSPR peak and higher sensitivity to the surrounding refractive index. 
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We also describe the factors which affect sensitivity in these real time immunoassays, 
and perform an explicit comparison of the LSPR sensing capabilities of gold bipyramids, 
nanorods, and spheres on a single substrate. 
2. Experimental Methods 
Gold Bipyramid Synthesis 
All solutions were prepared fresh for each synthesis using deionized (DI) water, 
except for the hydrogen tetrachloroaurate(III) (Sigma, No.520918), which was prepared 
as a 28 mM stock solution from a dry ampoule and stored in the dark. First, sodium 
citrate-stabilized gold seed particles were prepared for the synthesis of gold bipyramids. 
Typically, a 20 mL solution of 0.125 mM hydrogen tetrachloroaurate(III) and 0.25 mM 
sodium citrate (Fisher, No.S279) were prepared and mixed briefly. Next, 0.3 mL of a 
fresh aqueous 10 mM NaBI4 (Acros, No.l8930) solution prepared at room temperature 
was added, followed by mixing for 2 min. The resulting gold seed solution was kept at 
room temperature for at least 2 hours for complete reaction. Then, the dark pink seed 
solution was stable and usable for gold bipyramid growth. Next, 0.5 mL of 10 mM 
hydrog~n tetrachloroaurate(III) and 10 mL of 1 OOmM cetyltrimethylammonium bromide 
(CTAB) (Sigma, No.H9151) were mixed with 0.1 mL of 10 mM silver nitrate (Acros, 
No.19768) for the preparation of the growth solution. Then, 0.2 mL of 1.0 M 
hydrochloric acid (Hampton Research, No.HR2-581) and 0.08 mL of 100 mM L-ascorbic 
acid (Fisher, No.A61) were added to the solution in order. Finally, the seed solution was 
added to the growth solution. The volume of seed solution was varied between 15 and 50 
J..I.L to synthesize different sizes of gold bipyramids. These solutions were kept at 28° C 
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for several hours. During this time, the color changed gradually from almost clear to dark 
pink, with most of the color change occurring in the first hour. The LSPR spectra of the 
gold bipyramid solutions were measured using an Ocean Optics USB2000 spectrometer 
and the particle images were obtained using a JEOL JEM 2010 transmission electron 
microscope (TEM). 
Gold Bipyramid P EGylation 
The CTAB-stabilized gold bipyramids were PEGylated using a process we have 
described previouslyY 1 mL of CTAB-stabilized gold bipyramids was centrifuged at 
10,000 rpm for 30 min to form a pellet of the gold bipyramids. The CTAB solution was 
decanted, and the pellet was resuspended in 100 J..LL of 2 mM potassium carbonate 
(Fisher, No.P208) and 1 mL DI water. Then, 10 J..LL of 1 mM thiol-terminated 
methoxypoly(ethylene glycol) (mPEG-SH, 5000 MW, Nektar Theraputics) was added to 
the solution and the centrifuge/decant process was carried out again. The same volume of 
mPEG-SH and DI water were added to the pellet once more and left overnight to displace 
the CT AB. The bipyramids were then taken through at least two more centrifuge/decant 
cycles, resuspending each time in DI water, to further reduce the CTAB concentration. 
Substrate Fabrication 
Glass microscope slides were cleaned in piranha solution (3: 1 H2S04:30% H202), 
thoroughly rinsed with deionized water, and dried under a stream of nitrogen. 
WARNING: Piranha solution is very exothermic and corrosive, and reacts violently with 
organic material. Therefore, handling it requires extreme caution. The slides were then 
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immersed in a 10% ethanolic solution of aminopropyltriethoxysilane (APTES) (Sigma, 
N0.440140) overnight, rinsed with ethanol and water in order and dried with nitrogen 
gas. For bipyramid substrates, the APTES-coated slides were then immersed in a solution 
of PEGylated gold bipyramids overnight, and then rinsed and dried with the same 
method. For nanorod-bipyramid hybrid substrates, the APTES-coated slides were 
immersed in a mixed solution of PEGylated bipyramids and PEGylated nanorods. The 
nanorods were prepared as described previously. 17• 65 Finally, the mPEG-SH layer and 
other organic contaminants on the substrates were removed using an oxygen plasma 
cleaner (model PDC-320, Harrick Scientific) on low power for 30 s with 200 mT of 
oxygen. The substrates to be used in the immunoassay experiments underwent one 
additional step: they were immersed in a 1 mM ethanolic solution of mercaptoundecanol 
(Sigma, No.447528) and mercaptohexadecanoic acid (Sigma, No.448303) in a 1:10 ratio 
for 12 h to form a mixed self-assembled monolayer (SAM). To study the effect of SAM 
thickness, 1 mM solutions of either mercaptoundecanoic acid or mercaptohexadecanoid 
acid were used instead. 
Substrate Bioconjugation and LSP R Sensing Measurements 
The bioconjugation procedure for the immunoassay experiments was performed 
exactly as described previously .17 The analyte flow rate was controlled by a syringe pump 
(NE1000, New Era Pump Systems), and the LSPR peak shift was monitored by an Ocean 
Optics USB4000 spectrometer. During a typical immunoassay experiment, the substrate 
was first exposed to 0.1 M MES buffer (Sigma, No.M-0164) at pH 6.1 until the LSPR 
peak wavelength stabilized. Next, it was exposed to a mixed solution of 0.1 M N-
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hydroxysuccinimide (NHS, Sigma No.130672) and 0.05 M 1-ethyl-(3-
dimethylaminopropyl)carbodiimide (EDC, Sigma No.l769) in the same MES buffer, to 
activate the carboxyl groups on the mixed SAM on the gold nanoparticles.92 This was 
followed by another rinse in the MES buffer. Then, the substrate was exposed to rabbit 
IgG (Pierce, No.31235) at about 1 ~M in the MES buffer, followed by a rinse with 0.05 
M phosphate buffered saline (PBS) with 0.25 M NaCl at pH 7.6. Finally, goat anti-rabbit 
IgG (Pierce, No.31210) was flowed at the desired concentration in PBS for about 45 
minutes, followed by a final PBS rinse. Absorbance spectra were averaged for 30 seconds 
and recorded. Each spectrum was then analyzed in MATLAB with a Gaussian fit to 
monitor the peak wavelength, height, and width versus time. 
3. Results and Discussion 
The seed-mediated synthesis of gold bipyramids with a pentatwinned crystal structure 
has recently been described. 50 Based on this method, gold bipyramids with varying aspect 
ratios were synthesized by changing the volume ratio of seed solution to growth solution 
to find the optimum size for LSPR sensing. 
A TEM image of a typical gold bipyramid having a tip radius of curvature of less than 
5 nm is shown in Figure 21A. The corresponding electron diffraction pattern, shown in 
Figure 21 B, is consistent with a pentatwinned structure as described in the original report. 
In order to synthesize different sizes of gold bipyramids, four different volumes of the 
seed solution (15, 20, 35, and 50 ~L) were employed. The extinction spectra of the 
resulting CTAB-stabilized gold bipyramid solutions are shown in Figure 22. 
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Figure 21. (a) TEM image of a PEGylated gold bipyramid. (b) Electron diffraction 
pattern of a gold hi pyramid, consistent with a pentatwinned crystal structure. 
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Figure 22. Spectra of four bipyramid samples of varying particle size. Particle aspect 
ratios from samples I- IV can be found in Table 3. 
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Figure 23. (a) Wet-mode ESEM image of a film of gold bipyramids on glass. (b) 
Absorbance spectrum of a bipyramid substrate. 
With decreasing seed volume, the bipyramid spectra red shift due to their larger size, and 
the peak height drops due to the smaller number of particles. 
The gold bipyramids were processed into films as previously described for gold 
nanorods. 17 An ESEM image and extinction spectrum of a typical bipyramid film are 
shown in Figure 23. The spectrum is sufficiently strong to monitor peak wavelength 
shifts due to molecular binding onto the nanoparticle surface. The yield of gold 
bipyramids on the glass surface, defined as the percentage of total particles that are 
bipyramids rather than spheres, was quantified by atomic force microscopy (AFM, 
Nanoscope IV), and electron micrographs were obtained using an FEI Quanta 400 
environmental scanning electron microscope (ESEM) in wet-mode. Table 3 summarizes 
the sizes, aspect ratios, yields on the surface, and longitudinal LSPR peak wavelengths 
and widths of substrates made from each bipyramid sample. 
We have investigated the refractive index sensitivities of the bipyramid substrates 
with different aspect ratios by measuring the LSPR peak wavelength shift in various 
solvents. The LSPR spectra of the gold bipyramid substrates were measured in water (n = 
1.333), acetonitrile (n = 1.3441), ethanol (n = 1.361), dimethylformamide (DMF, n = 
1.431), and toluene (n = 1.497). As seen in Figure 24, the LSPR peak red shifts with 
increasing index. The sensitivities are reported in Table 3. In addition, the figures of merit 
(FOM) were calculated as sensitivity divided by the LSPR full width at half-maximum 
(FWHM). 19• 90 The bipyramid substrates have higher FOM values of 3.5-3.9 compared to 
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gold nanorod substrates due to their monodispersity and sharp tips with potential for 
strong field enhancement. 93 
Table 3. Synthesis conditions, product properties, and refractive index sensitivities of the 
gold bipyramids (BPs) described in this study, as well as for a typical nanorod synthesis. 
NR BPI BPII BPIII BPIV 
Seed Volume 50 35 20 15 -(f.lL) 
BP Yield - 22% 22% 21% 23% 
Length/ 50115 108 I 44 137 I 51 162 I 57 185 I 58 Diameter 3.3 2.5 2.7 2.8 3.2 (nm) 
Max. Peak 
LSPR 760 730 800 850 900 
(nm) 
R1 Sensitivity 289 327 346 381 (nm/RlU) 170 
-0.68 -0.66 -0.62 -0.62 (eV/RlU) 
FWHM 125 74 89 100 100 (nm) 
FOM 1.3 3.9 3.7 3.5 3.8 
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Figure 24. Refractive index sensitivity of gold bipyramids of various sizes on glass 
substrates. The solutions are water (n = 1.333), acetonitrile (n = 1.3441), ethanol (n = 
1.361), dimethylformamide (DMF, n = 1.431), and toluene (n = 1.497). 
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It can be shown by finite element method simulations that strong local electric fields can 
contribute to the refractive index sensitivity of nanostructures.94 As seen in Table 3, the 
largest bipyramid has the highest sensitivity, but the smallest has the highest figure of 
merit due to its narrow linewidth. Our results are in good agreement with a recent report 
on the refractive index sensitivity of similar gold bipyramid substrates.95 
To demonstrate the immunosensing capabilities of these substrates, a capture 
antibody (Rabbit IgG) was bound to a carboxy-terminal SAM on the bipyramid surfaces 
by amide bond formation with a carbodiimide. The functionalized substrates were then 
exposed to a solution containing the target antibody (Goat anti-Rabbit IgG), using the 
methods described previously.17 By monitoring the optical extinction peak at the 
bipyramids' LSPR resonance throughout the target exposure and subsequent rinse, we 
performed a real time immunoassay. A section of the resulting sensorgram is shown in 
Figure 25. At the lowest concentration of target antibody (1 00 pM), there was no 
significant response from the sensor. At 1 nM, the extinction peak began to shift at a rate 
of 4.0 X 10-5 nm/s, and at 10 nM, the rate increased to 5.5 X 104 nm/s. These bipyarmid 
peak shift rates are larger than those from the same experiment carried out on a nanorod 
substrate (2.1 x 10-5 and 2.1 x 104 nm/s, respectively) by a factor of two, which matches 
well with the increase in refractive index sensitivity. 
The LSPR sensor response in an immunoassay will depend on several factors in 
addition to the refractive index sensitivity of the nanoparticle. For example, conjugation 
chemistry for binding the capture antibody to the nanoparticle will affect the density of 
capture antibody and therefore target molecules on the nanoparticle surface. 
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Figure 25. Immunoassay sensorgram. The dose response can be seen as the bipyramid 
substrate was exposed to target antibodies at 100 pM (i), 1 nM (ii), and 10 nM (iii). 
Kinetic rates of binding and unbinding were obtained from the 10 nM exposure (iii) and 
rinse (iv). Segments (i) and (ii) are linear fits, while the (iii) and (iv) are fits to the first-
order binding kinetics model. This sensorgram yielded a binding rate of kon = 3.03 x 103 
M- 1s-1 and an unbinding rate of ko.ff = 3.56 x 1 o-6 s-1• The ratio of these gives an 
equilibrium constant of Keq = 8.51 x 108 M-1, which compares favorably with standard 
literature values for antibody-antigen bonds. 
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Furthermore, the conjugation strategy will affect the distance between the target molecule 
and the nanoparticle surface and therefore the size of the LSPR shift (as discussed 
below). To characterize the LSPR sensitivity in a real immunoassay, one can relate the 
measured LSPR peak shift to the parameters of a simple first-order molecular binding 
model used to describe the kinetics of the system. According to the model, the 
concentration of capture-target antibody complexes formed on the surface evolves in time 
upon target exposure as: 
(23) 
Here, C denotes the capture antibody, Tthe target antibody; kon and koffare the association 
and dissociation constants, and surf and sol denote surface and volume concentrations, 
respectively. Equation 23 can be expanded for short exposure times to yield the initial 
linear shift: 
[C · T 1surf (t) = (kon [C lurf [T lso, )t (24) 
If one assumes that the observed LSPR peak wavelength shift is proportional to the 
concentration of capture-target complexes near the nanoparticle surface, then equation 24 
can be written: 
The constant KLSPR describes a nanoparticle substrate's performance in an immunoassay 
and has units of nm·JJ.m2 if the shift is given in nm and the capture antibody density on 
69 
the nanoparticles is given in molecules/J..lm2• For the bipyramid results in Figure 25, KLSPR 
= 0.01 nm·J..lm2 if one assumes approximately 20 active antibodies per bipyramid. This 
assumption is based upon an estimated particle surface area of 10,000 nm2 and a surface 
area per active antibody of 100 nm2, with a binding efficiency of 0.2, similar to results 
found on gold surfaces.26 This constant reflects the effect of the nanoparticle refractive 
index sensitivity and antibody conjugation strategy on the immunoassay sensitivity. The 
value reported here cannot yet be compared to other LSPR sensor reports since real-time 
measurements are required. 
In order to explicitly compare the sensing capability of the bipyramids to those of other 
plasmonic nanoparticles, a substrate was fabricated with a hybrid film containing three 
particle types: bipyramids, nanorods, and nanospheres. Figure 26a shows an ESEM 
image of the hybrid film on glass. The optical extinction spectrum of this substrate 
(Figure 26b) includes three well-separated peaks representing the three particle types, the 
spheres having an extinction peak near 580 nm, the nanorods near 700 nm, and the 
bipyramids near 950 nm. By tracking this spectrum in real time during an immunoassay 
experiment similar to that described above, it is possible to generate sensorgrams for each 
of the three peaks, seen in Figure 26c. Comparing these, it is clear that the bipyramids are 
the most sensitive, i.e., give the largest extinction peak shift in response to the target 
binding. The relatively poor signal-to-noise ratio in these sensorgrams, and the apparent 
lack of signal for the nanorods and spheres, is due to the low density of each type of 
particle on the hybrid substrate. 
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Figure 26. (a) ESEM image of the hybrid substrate containing gold nanospheres, 
nanorods, and bipyramids. (b) Optical extinction spectrum of the hybrid substrate. (c) 
Sensorgrams for each of the three particle types in the hybrid substrate immunoassay. 
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Figure 27. Comparison of the target antibody binding signal from bipyramids coated 
with (i) mercaptoundecanoic acid and (ii) mercaptohexadecanoic acid. 
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Finally, in order to show that the strength of the LSPR target binding signal decreases 
with the target's distance from the gold particle surface as discussed above, two 
substrates from the same fabrication run were coated with carboxy-terminal SAMs of two 
different lengths: mercaptoundecanoic acid, and mercaptohexadecanoic acid. The 
difference in thickness between these eleven- and sixteen-carbon chains is approximately 
7 A. The same immunoassay experiment was then carried out on both substrates. The 
LSPR shift from the substrate with the shorter SAM was larger by 1 nm as seen in Figure 
27. 
4. Conclusion 
Gold bipyramids are nanoparticles with a penta-twinned crystal structure, which have 
a sharp LSPR due to their high monodispersity. Bipyramid substrates were found to have 
a refractive index sensitivity ranging from 288 to 381 nm/RIU (-0.62 to -0.68 eVIRIU), 
increasing with the nanoparticle size and aspect ratio. In an immunoassay, the bipyramid 
substrates yielded higher sensitivity than nanorods and nanospheres. An immunoassay 
sensitivity constant which depends on both the optical properties of the nanoparticle and 
conjugation chemistry was found to be KrsPR = 0.01 nm·J.tm2 for gold bipyramids. 
Gold bipyramid substrates have higher refractive index sensitivity and a narrower 
LSPR linewidth than gold nanorod substrates. This translates to an improved LSPR 
immunoassay sensitivity. However, detailed comparisons of different nanoparticles in 
LSPR immunoassays will require consideration of the chemical strategy for linking 
targeting agents such as antibodies to their surface. 
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IV. Synthesis and Surface Enhanced Raman Scattering of Mesoscopic Star-Shaped 
Gold Particles 
1. Introduction 
Recently major efforts have been made to synthesize noble metal nanoparticles with 
controlled size and shape, and therefore tunable localized surface plasmon resonances 
(LSPR). These resonances result in strong visible and near infrared extinction, scattering, 
and absorption peaks, as well as in strong near field enhancements and interparticle 
optical coupling at the nanometer scale. These optical properties have lead to applications 
of LSPR nanoparticles in biological assays,43• 80• 96 molecular imaging,97 photodynamic 
therapies,34• 98 drug delivery,99 and surface-enhanced spectroscopies. 100-102 Of the many 
shapes investigated, complicated geometries with multiple sharp protrusions offer 
intriguing possibilities. For example, 100 nm diameter nanoparticles with multiple sharp 
tips, referred to as gold nanostars,52• 103 exhibit LSPR scattering peaks at multiple 
wavelengths with different directions and polarizations. This property has been exploited 
for a unique form of gyromagnetic imaging contrast based on the nanoparticle rotation 
caused by magnetic fields. The field enhancement at the tips has led to their use as 
surface enhanced Raman spectroscopy (SERS).103 Their strong sensitivity to the 
dielectric medium of such nanoparticles has also been investigated. Here we describe the 
synthesis, structure, and SERS performance of particles which are an order of magnitude 
larger than gold nanostars, yet retain their high density of sharp tips. These gold 
mesostars scatter very strongly due to their large size and are good SERS substrates. 
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2. Experimental Method 
For gold mesostar synthesis, the three-step seed-mediated chemical method for long 
gold nanorods was employed104 and slightly modified. All solutions were prepared fresh 
for each synthesis based on deionized (DI) water, except for the hydrogen 
tetrachloroaurate(III) (Acros, No.223620010), which was stored in dark brown glass 
bottle at room temperature as a 25 mM stock aqueous solution. 
Preparation of Au Seeds 
A 10 mL of 100 mM cetyltrimethylammonium bromide (CTAB) (Sigma, No.H9151) 
and 0.25 mL of 10 mM hydrogen tetrachloroaurate(III) (HAuC14) were mixed by brief 
and gentle inversion. Next, 0.35 mL of freshly prepared, ice-cold 10 mM sodium 
borohydride (NaBH4) (Acros, No.18930) solution was added all at once, followed by 
vigorous mixing for 2 min. The seed solution was very pale brown color. 
Preparation of Au Mesostars 
For the growth of gold mesostars, three different growth solutions were needed and 
based on one basic growth solution, which was prepared as 100 mL of 100 mM CT AB 
solution containing 1mL of 25 mM HAuC14 stock solution. Then, the following three 
solutions were prepared in separate three plastic tubes, where each tube was tagged with 
A, B, and C individually. In each of two plastic tubes (A and B), 0.025 mL of 1 OOmM L-
ascorbic acid (AA) (Fisher, No.A61) solution was added to 4.5 mL of the basic growth 
solution. In a third plastic tube (C), 0.3 mL of 100 mM nitric acid and 0.25 mL of 100 
mM AA were added to the 45 mL of the basic growth solution. Next, 0.4 mL of gold 
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seeds solution was added to the solution A, and immediately 0.4 mL of this mixed 
solution A was added to the solution B. Right after, 4 mL solution from the mixed 
solution B was added to the solution C. All the solutions were well mixed by the gentle 
inversion for a few seconds in each step. Finally, 1 mL of 10 mM silver nitrate (AgN03) 
(Acros, No.19768) was also added to solution C. The size ofthe resulting gold mesostars 
can be tuned depending on volume of AgN03• The solution was then stirred for 1 min 
and kept at 28° C for one day. During this time, the solution color remained clear, but 
after complete reaction, gold mesostars with a pale peach orange color were precipitated 
to the bottom. In order to collect the gold mesostar, the colorless solution containing 
excess CTAB was decanted and the particles were redispersed with 30 mL of DI water, 
and left the solution without trouble at the same temperature. This process was repeated a 
second time to remove more CTAB. All images of gold mesostars and long nanorods 
through this seed-mediated synthesis were obtained using a JEOL 6500F Scanning 
Electron Microscope (SEM) and a JEOL JEM 2010 transmission electron microscope 
(TEM). 
SERS Measurement 
SERS measurements were carried out with 4-aminothiophenol ( 4-A TP) (Sigma, 
No.422967) and benzenethiol (BT) (Sigma, No.W361607) as the analytes. For the SERS 
substrate, assemblies of gold mesostars and nanospheres were prepared by depositing a 
droplet of 0.03 mL of the particle solution onto a piranha cleaned glass slide using a 
silicone well (Grace Bio-labs, CultureWell 103380) and leaving it to dry undisturbed at 
room temperature overnight, where the gold nanospheres with diameter of 60 nm and 250 
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run were purchased from BBI international. (WARNING: Piranha solution is very 
exothermic and corrosive, and reacts violently with organic material. Therefore, 
handling it requires extreme caution.) Next, 0.02 mL of 20 J.!M 4-ATP or BT ethanolic 
solution was deposited on the particles arrayed substrates and evaporated under ambient 
conditions. A microRaman spectrometer (Raman Microscope, Renishaw) using a 785 run 
excitation laser and SOx objective was used for SERS measurements. The spectra were 
collected with 1 % the laser power (0.3 m W) and the integration time was 10 sec. 
3. Results and Discussion 
By following the three-step seed mediated synthesis described by Wu et al, 104 we 
reproduced their growth of long gold nanorods. A scanning electron microscopy (SEM) 
image of long gold nanorods is presented in Figure 28A, where the inset image exhibits 
representative single long gold nanorod. As the original report, a large quantity of long 
gold nanorods with a high aspect ratio in dimension with around 30 run width and 650 
run length, including spherical nanoparticles and polygonal nanoplates, was produced. 
However, the addition of silver nitrate after the last step for long nanorod synthetic 
process generated a new type of particle. These particles were gold mesostars; they were 
similar in shape to the nanostars that have been described previously, 52 but their size was 
several times larger, ranging from a few hundred nanometers up to one micron. Also 
single mesostars has much larger number of tips on their surface than nanostar. Figure 
28B exhibits SEM images of the gold mesostars deposited on a silicon substrate, clearly 
illustrating abundant tips on the particles' surface. Inset image in Figure 28B represents 
typical gold mesostars with a numerous sharp tips. 
Figure 28. Images of gold long nanorods and mesostars. (A) SEM image of gold long nanorods with high aspect ratio 
including spherical nanoparticles and polygonal nanoplates. Inset is representative single gold long nanorod with high 
aspect ratio of around 22. (B) SEM image of gold mesostars with many sharp tips on their surface. Inset image shows 
typical gold mesostars with a plenty of sharp tips. 
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Figure 29. TEM image of gold mesostars and inset displays single sharp tip with less 
than 20nm curvature. 
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The whole size of single gold mesostar is around 1 J..llD size and it has some of big 
triangular shaped tips with 100 nm width and 360nm height. A TEM image of gold 
mesostars having a tip radius of curvature ofless than 20 nm is shown in Figure 29. 
The synthesis of nanoparticles using CTAB is known to be quite sensitive to the exact 
reagents and concentrations used; this has resulted in the production of a wide variety of 
nanoparticle shapes. In the case of mesostars, the final growth conditions can be changed 
to give different particles, long gold nanorod and gold mesostars. Also, it is likely that the 
silver ions added to the solution served to create multiple defect sites on the surface of the 
gold seed particles, resulting in anisotropic growth along several directions. This is 
related to the prevailing theory on nanorod growth, which is that a single defect site 
promotes growth in one direction only, resulting in a rod-shaped particle. The silver ions 
also play a role in determining the particle size. 
To investigate an effect on concentration of silver nitrate for the gold mesostars, 
varied volume of silver nitrate were used by 500 JlL, 700 JlL, 850 JlL, and 1mL. As a 
result, gold mesostars with different sizes were produced and their sizes for all samples 
are plotted in Figure 30. In addition, the inset SEM images in Figure 30 present an 
increase in size with silver nitrate concentration in the growth solution. It is possible that, 
in addition to causing multidirectional growth, the silver ions somehow speed and/or 
prolong the growth, leading to larger particles. 
As previously reported, gold nanostar solution52 exhibited broad extinction spectrum 
but well defined peaks in Vis-NIR region and its single particle spectroscopy showed 
polarization-dependent scattering spectra in spite of its structural heterogeneity. However, 
the gold mesostars were precipitated after aging for growth due to their size and mass. 
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Figure 30. Gold mesostar average diameter as a function of silver nitrate concentration . 
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Figure 31. The spectra of single gold mesostars. 
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Therefore single particle spectra were measured. Figure 31 displays the spectra of single 
particle of gold mesostars revealing broadly bump peak like a sphere: large peak at 500 -
800 nm. These phenomena are attributed to an abundance of sharp tips on the mesostars 
surface rather than gold nanostars with several couple of tips. Also, shoulder peak at NIR 
may be evidence of the tip contribution by plasmon hybridization. Nevertheless, field 
enhancement at tips is still expected. 
When metal nanoparticles are assembled with very small gap, the sturcture can 
generate highly confined electromagnetic field, commonly so-called "hot spot" ascribed 
to localized surface plasmon. Especially, anisotropic shaped nanoparticles showed the 
electromagnetic field are most concentrated on their keen edge areas. Therefore, these 
nanoparticles102• 105 have attracted a great attention on a use as a SERS substrate. And 
there was a previous report on effect of size of gold nanospheres for SERS, in which self-
assembled monolayers (SAMs) of 4-aminothiophenol as a RAMAN probe molecule was 
formed on flat gold surface and then, various size of gold nanospheres were attached.106 
The larger gold nanospheres caused more intense Ramans signals. In terms of this view, 
gold mesostars film was studied as an active SERS substrate. For SERS measurement, 
gold mesostars film was prepared by drop casting on silicon substrate. The good 
mesostars film with very large is visually pleasing in Figure 32. Also 60 nm and 250 nm 
gold nanospheres films were used to prove the shape effect on the intensity of SERS. The 
SERS spectra of 4-aminothiophenol ( 4-ATP) exposed to the gold mestsotars and gold 
nanospheres substrates are shown in Figure 33 (a). The prominent peaks at 390, 1078, 
1178, 1392, 1448, 1495, and 1588 cm-1 in Figure 33 (a) have the corresponding peaks in 
the SERS spectrum as previously reported. 107-110 
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Figure 32. A SEM image of a gold meso star substrate. 
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Figure 33. Surface enhanced Raman spectroscopy (SERS) of(a) 4-aminothiophenol (4-ATP) and (b) benzenethiol (BT) 
on nanospheres and mesostar substrates. 
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Table 4 displays the peak assignment of 4-ATP on gold mesostars. Although the most 
distinctive peaks at 390, 1078, and 1588 are observed at all the spectra, overall peak 
intensity is much higher in gold mesostars substrate than other two gold spheres ( 60 and 
250 nm size) samples. In addition, the other featured peaks in SERS spectrum of gold 
mesostars have still relatively stronger than both of gold nanospheres substrates with 
lower signal intensity (1178 cm-1) or no signals (1392, 1448, and 1495 cm-1). Figure 33 
(b) shows the SERS spectra of benzenethiol and the assignment of SERS peaks is given 
in Table 5. As much as the 4-ATP SERS measurement, Raman scattering ofbenzenethiol 
on gold mesostar exhebits clear peak, consistent with previous reports, ll 1-ll3 and much 
higher intensity than other two nanospheres samples. The SERS spectrum of gold 
mesostars substrate exhibits two peaks at 1178 and 1472 cm-1 obviously, which are not 
appearing in gold nanospheres substrates. Both 4-ATP and benzenethiol as SERS 
analytes have shown relatively much larger enhancement in both 4-ATP and benzenethiol 
absorbed on the gold mesostars, which achieving 4 times and 10 times increase in SERS 
intensity rather than 60nm gold nanospheres substrate, respectively. Therefore, the gold 
mesostars should be a good SERS substrate due to the high density of tips, which have 
better access than the crevices of sphere substrates. 
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Table 4. Peak assignments for 4-aminothiophenol ( 4-ATP) on gold mesostars 
Peak Frequencies (cm-1) Assignments 
390 C-S bending 
1078 C-S stretching (a1) 
1178 C-H bending (a1) 
1392 C-C strtching + C-H bending (b2) 
1448 C-C stretching+ C-H bending (b2) 
1495 C-C stretching+ C-H bending (a1) 
1588 C-C strtching (a1) 
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Table 5. Peak assignments for benzenethiol on gold mesostars. Note that f3 indicates the 
in-plane bending mode. 
Peak Frequencies (cm-1) Assignments 
418 C-S stretching and /3 (C-C-C) (a1) 
692 C-S stretching and /3 (C-C-C) (a1) 
996 /3 (C-C-C) (a1) 
1021 /3 (C-H) (a1) 
1072 C-S stretching and /3 (C-C-C) (a1) 
1178 /3 (C-H) (a1) 
1472 C-C stretching (a1) 
1572 C-C stretching (a1) 
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4. Conclusion 
Monodisperse gold mesostars with high density of sharp tips were prepared by adding 
silver nitrate in the synthetic process of long gold nanorods. This simple method yielded 
no by-product. In addition, size-controllable gold mesostars were exploited by the 
function of silver nitrate's concentration from several couple of hundreds up to over one 
micron. Therefore, the silver nitrate is taking a key role as a modulator to control the 
particle's size as well as to determine the particle's shape. Also, gold mesostars generated 
strong surface enhanced Raman scattering due to a plenty of sharp tips on their surface. It 
is very promising to develop the application of active SERS substrates with high 
sensitivity. 
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V. Conclusion 
Chemically controllable and facile synthetic methods to produce gold nanoparticles 
with high monodispersity and well-defiend surface morphology has been one of the good 
resources to develop nanophotonics. In case of gold nanoparticles with very sharp tips, as 
the electromagnetic fields are highly concentrated on apexes ofthe tips, they can generate 
many "hot spot" with nanoscale junction when they are assembled together. Size-
controllable gold mesostars were grown from 300 nanometer up to over 1 micron size, 
they showed higher intense SERS signal than gold spherical nanoparticles due to the high 
density sharp tips on the particle surface. 
The size and shape dependent optical properties of gold nanoparticles based on 
localized surface plasmon resonance enable single or their ensembles to monitor change 
near their vicinity by refractive index variation with high sensitivity. The optical 
extinction peak wavelength of anisotropic gold nanoparticles such as nanorods and 
bipyramids for active-LSPR substrates were able to be tailored from visible to near-IR 
region and their peaks were so sensitive enough for label-free and real-time detection of 
biomolecules. 
Finally, the surfactant layer transitions on the surface of gold nanoparticles were 
observed by surface enhanced Raman spectroscopy in solution state. When the 
concentration of surfactant solution including gold nanorods was changed, structural 
studies of nanoparticle/surfactant interfaces were carried out through the comparison with 
the intensities of different bands within the CTAB molecule. This analytical SERS 
measurment is significant in that the transition has substantial effect on chemical 
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manipulation of the CTAB layer as well as it is a first step towards using SERS for direct 
structural determination 
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